ABSTRACT: The seasonal succession of picoplanktonic algae was followed from March to December 1986 at a station off Tvarminne, northern Baltic Sea. This area is characterized by strong seasonal changes in water temperature and stratification Picoeukaryotes were abundant during the whole year (103 to 104 ml-'), but picocyanobacteria thrived only during summer (10' to 106 ml-'). The contrasting seasonal dynamics of these 2 groups led to the conclusion that growth of picocyanobacteria is more temperature dependent than that of the almost equally sized picoeukaryotes. However, the cyanobacterial dynamics could not be explained by temperature alone and light climatic changes may have contributed to the drastic decline of cyanobacterial numbers in the warm deep-mixed water column in the autumn. Estimates of flagellate grazing on picoplanktonic cyanobacteria were obtained by differential filtration experiments. These showed that flagellates could graze vigorously on picoalgae. Total flagellate grazing on picoalgae amounted to 15 % of annual primary production, and was estimated to be 32 and 42 % during summer and autumn, respectively. The microbial loop seems to be of major quantitative importance in the boreal northern Baltic Sea.
INTRODUCTION
The fate of pelagic primary production is of great interest in marine ecology. The absolute quantity of phytoplankton production varies, and with it the amount of energy available to consumers at different trophic levels. However, production in carbon units is not the only factor which governs the flow of carbon to the large grazers.
In recent studies of marine ecosystem much attention has been given to the microbial loop, a term introduced by Azam et al. (1983) . A substantial part of the primary production may have to b e transformed from dissolved to particulate form by bacteria, of which the most important grazer group is considered to b e heterotrophic nanoflagellates (Fenchel 1982 . Energy flow through the microbial loop decreases the overall efficiency of the carbon transfer to the top predators, compared to the simple grazing food chain (Ducklow et al. 1986 ), even if these micrograzers (nanoflagellates and other protozooplankton) are eventually consumed by higher trophic levels (Sherr et al. 1986 , Sherr & Sherr 1988 . Of course, the same holds if a part of the primary production is grazed directly by micrograzers. Heterotrophic nanoflagellates are known to graze on picoplanktonic algae as well, O Inter-Research/Printed in Germany and this will b e one route of energy transfer from primary producers to the microbial loop (Johnson et al. 1982 , Caron et al. 1985 , Parslow e t al. 1986 , Nagata 1988 .
The Baltic Sea, a large brackish water basin, is characterized by strong seasonal changes; the northern Baltic is covered with ice for several months in winter, and usually has a clear temperature stratification during summer. The role of bacteria and heterotrophic nanoflagellates in the pelagic carbon cycle was assessed by Kuosa & &vi (1989) . The present study concentrated on the seasonal succession of picoplanktonic algae, which are considered a potential food source for nanoflagellates. Flagellate grazing on picoalgae is also estimated experimentally. The objective of this study was to quantify the direct link from primary producers to nanoflagellates, and to estimate the role of nanoflagellates as herbivores in the pelagic ecosystem of the northern Baltic Sea.
MATERIAL AND METHODS
Investigation area. Sampling was done at a station off Tvarminne Langskar, Finland (59'50' N, 23" 10' E). The main physical and biological characteristics of the area were briefly described in Kuosa 81 k v i (1989) , and in more detail in Niemi (1973 Niemi ( , 1975 and Kuparinen et al. (1984) . The station is situated in an oligotrophic open sea area at the entrance to the Gulf of Finland. Mean salinity is 6".. After the break up of the ice in spring, inorganic nutrients mineralized during the winter are used by a heavy phytoplankton bloom. Sedimentation of large algae (diatoms and dinoflagellates) removes nutrients from the surface water layer, which causes low summer production in the thermally stratified water column. The thermocline is situated at about 10 m. Occasionally during summer, upwelling bring new nutrients to the surface water. The thermocline detonates in autumn, after which deep mixing occurs.
Seasonal succession. Sampling was carried out from March to December 1986, at 1 wk intervals dunng winter and autumn and twice a week during spring and summer. A surface sample, representing the 0 to 5 m layer, was obtained by combining subsamples from depths of 0.5, 1.5, 2.5, 3.5 and 4.5 m. Samples from 10 m and 20 m were obtained by combining 3 subsarnples from each depth. Sampling was performed between 09:30 and 10:30 h. When the sea was ice-covered, samples were taken from 0, 1 and 15 m only.
Autotrophic picoplankton was counted on formalinfixed (final conc. 2 O/O) samples within 6 h of the sampling. Five m1 of the sample were filtered with < 10 kPa vacuum onto an Irgalan black-stained 0.2 um poresized Nuclepore polycarbonate filter (Hobbie et al. 1977) . The filter was mounted on paraffin oil and picoalgal cells were enumerated with a Leitz Dialux epifluorescence microscope fitted with a HBO-50 mercury lamp. A 100 X oil immersion objective, a 3 mm BG 12 exciting filter, a built-in 2 X KP 490 (= KP 500) interference filter and a K 510 suppression filter were used. At least 100 cells of both picoplanktonic cyanobacteria and picoeukaryotes were counted on the malonty of samples. Cyanobacteria were identified by their orange and eukaryotes by their red autofluorescence under the blue excitation light. The number of eukaryotes is thus the abundance of < 2.0 Ilm chloroplasts in the sample.
Chlorophyll a was determined with a Turner 111 fluorometer on duplicate 50 m1 samples, which were filtered onto a Whatman GF/F glass fibre filter, subjected to ultrason~c waves for 5 min and extracted in 96% ethanol at room temperature for 24 h. Standard methods were used for the analysis of phosphate-phosphorus, nitrate-nitrogen and ammonium-nitrogen (Grasshoff 1976 , Kororeff 1976 .
Grazing experiments. Flagellate grazing on picoplanktonic cyanobactena was studied with differential filtration experiments (Wright & Coffin 1984) . A sample was filtered through 5 um and 1 ;km filters. No vacuum was needed for the 5 L L m filtration, but a gentle (< 2 kPa) vacuum was used for the 1 pm filter. According to microscopy no ciliates were present in the < 5 btm fraction, and only a few flagellates could squeeze through the 1 pm filter. In the first 7 expenments in 1988, duplicate 1 1 samples in glass bottles were incubated In situ at 1 m depth. In the 4 last experiments the bottles were darkened, but incubated at in situ temperature.
One subsample from each bottle was taken daily. It was fixed with glutaraldehyde (final conc. 1 O . 0 ) and examined within 4 h of sampling. Heterotrophic nanoflagellates and picoplanktonic cyanobacteria were enumerated on 5 m1 proflavine-stained samples (Haas 1982) , which were filtered with < 3 kPa vacuum and otherwise processed as described above, except that black Nuclepore filters provided by the manufacturer were used. Flagellates were counted under blue excitation light (filter set I2/3), and cyanobacteria under green excitation light (filter set M2). At least 100 flagellates and 200 cyanobacteria were counted per sample, except for the flagellates in the < 1 pm filtrate, in which usually only 10 to 20 flagellates could be found with acceptable effort.
Grazing was estimated to be the difference between the specific growth rates (p; based on In) in the 1 pm and 5 Lkm filtrates (Frost 1972 ). Flagellate clearance rates were estimated by calculating the grazing loss [&((l b~m) , u ( 5 ,pm)] and dividing it by the mean number of grazers (Frost 1972) . The average grazer number between samplings was calculated by applylng an exponential growth curve to flagellates (Heinbokel 1978) . In the first experiment, the calculations were made for a penod of 96 h, because of the low water temperature and slow changes in prey abundance In the other experiments, the grazing calculations were made for a period of 48 h. Two days seems to be near the minimum time for filtration experiments in the study area, due to the relatively slow changes in prey abundances. However, the 6 experiments were continued for 96 h to obtain the growth rates of flagellates in the < 1 pm filtrate. In many summer samples flagellates grew rapidly in the < 1 um filtrates, although the initial flagellate value was less than 1 O/ O of the total. However, no more than 200 flagellates ml-l were found in the 'flagellate-free' fract~on dunng the first 48 h. This is about 10 "I of the usual summer abundance of flagellates. Due to contamination of the < 1 L L m fraction (which is unavoidable in our waters) the grazing estimates are likely to be underestimates.
RESULTS
The seasonal dynamics of nitrate-nitrogen, temperature and chlorophyll a in 1986 are given in Fig. 1 . The only difference from the nitrate dynamics was 2 short (1 wk) phosphate maxima after upwellings in July and August. These upwellings can be seen as a decrease in the surface temperature in Fig.  1 . The phosphate-phosphorus values rose to about 10 and 5 ,ug 1 -l , respectively. The surface chlorophyll values decreased rapidly after the exhaustion of inorganic nutrients and remained low through the rest of year (Fig. 1 ). The nitrate-nitrogen (and also phosphatephosphorus) values started to increase again in September after the thermocline deteriorated and mixing began to occur deeper in the water column. A short maximum of ammonium-nitrogen (up to 10 pg I-') was observed after the 2 upwellings in July and August. In September a short maximum of ammonium-nitrogen was observed, with values up to 38 ~g I-', but during the rest of the year the values varied between 2 and 5 pg 1-l. The abundance of the eukaryotic picoplankton showed little clear-cut seasonal variation, but rather a zigzag type of fluctuation (Fig. 2) . However, some general features are evident. First, the eukaryotic picoperiod before the spring bloom. Second, the maximum occurred in autumn during deep mixing, when a large number of eukaryotic picoplankton was present in the whole water column down to at least 20 m.
The abundance of cyanobacteria showed a much more pronounced pattern than that of eukaryotes (Fig. 3) . A sharp increase in cell number coincided with 3 other phenomena: the crash of inorganic nutrients, the temperature rise from near 0 to 10°C and finally, the rapid decline of the spring bloom. The mean summer abundances were 0.5 X 106 ml-', but the maximum number of cyanobacteria approached that of bacteria (106 ml-l). The decline of cyanobacterial numbers coincided with the deterioration of the thermocline in August, and the consequent deep mixing. Not surprisingly, the abundances of both picoalgal groups showed little variation in their dynamics with depth. Cyanobacteria were not especially abundant at 20 m, possibly due to a slow sedimentation rate. However, the abundances of picoplanktonic cyanobacteria and eukaryotes correlated poorly with each other. Eukaryotic algae showed very little tendency to follow Values from Kuosa (1990) the surface temperature, which seemed at least partly to control cyanobacterial growth. Flagellate clearance rates varied from 0.4 to 11.4 X 1 0 -~ m1 flag.-' h-'. If the first early spring grazing experiment at near 0 O C is excluded, the experiments conducted at higher temperatures indicated that flagellate activity is temperature dependent ( The bacterial growth rates in the < 1 pm fraction were low compared with the cyanobacterial or flagellate growth rates (Table 2 ). Flagellates showed very high growth rates during some summer experiments in the < 1 pm fraction. The maximum (1.98 d-l) corresponds to a cell division time of about 8 h.
DISCUSSION
The mean size of picoplanktonic cyanobacteria in the northern Baltic Sea is about 1 km (Kuosa 1988) . The majority of cells were identified as belonging to the genus Synechococcus, to which most of the picoplanktonic cyanobacteria in the world's oceans have been referred. The cells are basically solitary, but in summer they form small groups (Kuosa 1988) . Picoplanktonic eukaryotic algae most probably belong to a variety of classes. Their identification is possible only by electron microscopy. One problem in counting picoplanktonic eukaryotes arose due to the enumeration of chloroplasts only, which was done in order to avoid any masking by proflavine. There is a danger that cells with multiple chloroplasts could be counted as several picoalgae. However, this problem rarely existed in the samples. There are only 2 genera of flagellates which could have real importance as a source of error, and the position of chloroplasts with respect to each other in both Chrysochromulina (2 chloroplasts) and Pedinella (3 chloroplasts) is so characteristic that they are easily identified.
This seasonal study confirms the results of an earlier ?xercise, in which it was suggested that the abundance 3f picoplanktonic algae in the northern Baltlc is comparable with that of the world's oceans (Kuosa 1988) . In 'act, cyanobacterial numbers as high as 106 ml-l have mly rarely been reported (from the Tropical Pacific; LI et al. 1983 ). The summer abundances found in 1986 were somewhat higher than the values in the southern Baltic Sea (Jochem 1988 ) and the coastal oceanic abundances, and they were 1 or 2 orders of magnitude higher than the oligotrophic or cold-water ocean values (Johnson & Sieburth 1979 , Waterbury et al. 1979 , 1986 , Smith et al. 1985 , Glover et al. 1986 , Iturriaga & Marra 1988 , Shapiro & Haugen 1988 . The number of eukaryotic picoplankters in the northern Baltic Sea was within the range of the values reported from the coastal stations of the North Atlantic, and in general an order of magnitude higher than the abundance at oligotrophic ocean stations (Murphy & Haugen 1985) .
Despite the minor difference in the sizes of prokaryotic and eukaryotic picoalgae, there seem to be profound differences in their seasonal dynamics. Eukaryotes were abundant almost throughout the year, whereas the abundance of picoplanktonic cyanobacteria showed a clear correlation with the surface water temperature. However, the decline during the period of deep mixing in August and September rules out control of cyanobacterial abundance by temperature alone.
In a study from the same area, cyanobacteria were found to be reluctant to grow at temperatures < 10°C (Kuosa 1990) , which is in accordance with the dynamics in 1986. This fits the general scheme of Waterbury et al. (1986) , who did not find Synechococcus cell numbers exceeding 105 ml-' at temperatures below 4°C. El Hag & Fogg (1986) and Jochem (1988) also report a positive correlation between cyanobacterial abundance and water temperature from the Menai Straits (Wales) and the southern Baltic Sea, respectively. Both Caron et al. (1985) and Weisse (1988) suggest a similar relationship in lakes. However, Shapiro & Haugen (1988) report a possible cold-water race or species of Synechococcus from the North Atlantic. They found that Synechococcus clones from warm waters did not grow in temperatures of < 8 to 10 "C. In view of this finding. I would suggest that the picoplanktonic Synechococcus inhabiting the northern Baltic Sea behaves more like a warm-water Synechococcus, and that there are no indications of a cold-water race.
As there was no decrease in the water temperature during the drop of Synechococcus, the reason for the decline of the cyanobacterial population in autumn is likely to be found In the changing characteristics of the water column. Either lower light intensity, which will prevail in a deep mixing environment, or increased water turbulence can inhibit cyanobacterial growth. Low light intensity alone may initiate a rapid decline of cyanobacteria, although we know that these are capable of light-saturated photosynthesis at very low irradiances (Li et al. 1983 , Glover e t al. 1985 . However, Campbell & Carpenter (1986a) found that Synechococcus grew better at surface light intensities than at 1 % light level. The reason for the apparently low growth rates in the autumn may also b e rapid changes in the light environment due to mixing, which sharply contrast to the situation in summer during stable stratification. Deep mixing and large detrital particles, which are always found in the water column during deep mixing, may also change the light quality experienced by the cells towards the more yellow-red area of the spectrum. Marine Synechococcus was not found to show chromatic adaptation (Waterbury et al. 1986) , and the northern Baltic Sea populations may not utilize the modified light spectrum effectively.
Eukaryotes evidently gained some advantage from the mixing in autumn, as their number remained high for some months. Thus, in the northern Baltic Sea eukaryotes were not as dependent on water temperature and water stability as were cyanobacteria. The phytoplankton in general was not stimulated by the deep mixing in August, at least if judged by the chlorophyll values. However, the deep mixing most probably caused a shift in the phytoplankton species composition, and possibly also in the picoplanktonic eukaryotic community.
The nutrient supply had evidently little or nothing to do with the dynamics of picoalgae. Small algal cells are probably able to make efficient use of the small regenerated nutrient pool in summer. Direct evidence IS still lacking that nutrients are not limiting, but the picoalgal dynamlcs in the northern Baltic Sea are clearly mainly controlled by other factors. In the southern Baltic Sea, Jochem (1989) also found the greatest contribution of picoalgae during the season of regenerated production in summer.
Flagellate clearance rates on cyanobacteria were in the range reported for flagellate grazing on bacteria (e.g. Kuuppo-Leinikki 1990 from the northern Baltic Sea). It is not surprising to find effective grazing on nearly bacterial sized algal cells. The importance of cyanobacterial grazing is further emphasized by the high number of cyanobacteria and other picoalgae.
Flagellate grazing was a relatively important source of cyanobacterial mortality in the summer experiments of 1988. Between 2 and 53 % of the population was grazed in a day. However, the mean population grazing rate of about 20 % during the summer was low compared with the specific growth rates ( Table 2) . The specific growth rates in summer varied from 0.02 to 0.53 d-', averaging 0.32 d-l. Thus flagellate grazing mortality was lower than the average growth rate of cyanobacteria. This would imply the existence of other factors causing losses in the cyanobacterial population. It is easy to point to the effect of other protozoan grazers than flagellates, e.g. ciliates, on cyanobacterial Values from Kuosa & Kivi (1990) dynamics. Landry et al. (1984) concluded that Table 3 . Carbon flow estimates at a station off Tvarrninne. cyanobacterial growth in Kaneohe Bay, Hawaii, may northern Baltic Sea. Primary production, flagellate grazing on exceed the mortality caused by flagellate grazing, c~anObacterla and e u k a r~o t i c plc0plankton, grazing Of by flagellates as "/o of the total algal production and bacterial which is also the conclusion indicated by the present production per m2 (all values in carbon) material. In Lake Constance, Weisse (1988) found that protozoan grazers caused almost the total cyanobacterial mortality. Campbell & Carpenter (1986b) found that protozoan grazing varied between stations. At an open ocean station it did not reach the cyanobacterial growth rates, but at a neritic station cyanobacterial growth and protozoan grazing were in balance.
Another possible cause of the loss of cyanobacteria is sedimentation via copepod faecal pellets, which apparently contain undigested cyanobacterial cells (Johnson et al. 1982 , Caron et al. 1985 , Iturriaga & Mitchell 1986 . However, these faecal pellets may b e disrupted at the surface due to the activity of the copepods themselves (Lampitt et al. 1990) , and, consequently, the bactenal production in Kuosa & f i v i (1989), i.e. the the sedimentation rate may be only moderate. The mean cell numbers at the surface and 10 m were used significance of sources of loss other than flagellate for the 0 to 15 m water layer and the 20 m value for the grazing should be studied In detail.
15 to 40 m layer. The mean volumes of 0.38 pm3 and 2.0 Both the average flagellate growth rates in the were used for cyanobacteria and picoeukaryotes, < 5 pm fractions and the maximum growth rates in the respectively. A carbon content of 0.22 p g C CLm-3 was < l pm fractions showed a clear effect of temperature used for both groups, from Li (1986) . (Table 2 ) -a multispecies community response similar It is readily seen that seasonal differences exist in the to that observed by Caron et al. (1986) for a single basic routes of the carbon flow to flagellates. In spring, species. The highest growth rates were observed in the flagellates seem to be largely dependent on bacteria, 'flagellate-free' < 1 Lt m fraction after a couple of days, whereas in summer carbon flow estimates show picoas the few flagellates which succeeded in squeezing algae as a major flagellate food source. The grazing on through the filter could grow for some time with cyanobacteria may be overestimated because of their minimum competition for food. Flagellate growth in the occasional tendency to form small colonies in summer < 5 pm fraction could indicate heavy grazing pressure This has been taken into account by assuming only half on flagellates during most of the year (Table 2) . Howof the cells to be utilizable. The majority of these ever, flagellate growth in the < 5 pm filtrates cannot b e colonies will be broken or retained by the filter when strictly attributed only to cessation of the grazing screened for the grazing experiments. The direct link impact. Competition for food may also be reduced in between the algal community and flagellates was estithe filtrate, and filtering may change the quality of the mated to account for little more than 30 O/ O of the prifood, e.g. by breaking u p small colonies of cyanobacmary production in summer This value is in accordteria so that they are more easily utilized by flagellates.
ance with the fractionated chlorophyll and carbon The growth rates indicate a n ability of the flagellates to uptake measurements made in 1988 (Kuosa 1990) , outgrow or at least keep in pace with their picoplankwhich showed the < 3 pm fraction to contain a considtonic food sources. erable part of both chlorophyll (35 to 55 O/O) and producThe estimates of carbon consumption by nanoflageltion (25 to 45 %) in summer Flagellates were mostly lates are presented in Table 3 . The original flagellate dependent on picoalgae in autumn, but due to the numbers per m2 from Fig. 5 in Kuosa & fivi (1989) have maximum of eukaryotic cells they, and not cyanobacbeen applied. The clearance rates from the 1988 experteria, were the major component in the flagellate diet. iments were used for the calculations of picoalgal conUnfortunately, we lack fractionated chlorophyll and sumption. As summer 1986 was cold (max. water ternprimary production estimates for the autumn. perature 15 'C) a clearance value from the lower end of According to the carbon flow estimates for 1986, the experimental range was used (1.5 X 10-6 m1 h-') in about 15 ' 1 0 of the annual primary production was used order to obtain a conservative estimate of carbon condirectly by flagellates. For rough calculations an estisumption. Grazing on picoeukaryotes was also calcumate of 50 % respiration may be applied for both baclated, a s Landry et al. (1984) found no clear difference teria and flagellates. Accordingly, 15 % of algal proin the flagellate gra.zing on cyanobacteria and a small duction may be expected to be respired by bacteria, Chlorella. The prey number per m2 was estimated as and 7 % by direct flagellate grazing on picoalgae. An additional 8 % is respired if flagellates graze the total bacterial production. Thus, annually about 30 9;, of the carbon produced is lost a t the very base of the food web. If sedimentation accounts for an additional 40':.0 loss (Kuparinen et al. 1984) , a relatively meagre share of the annual production remains for the larger zooplankters. These values are largely in accordance with the carbon flow estimates in Kuosa & &vi (1989) , but are now based on direct assessment of flagellate grazing on algae.
In conclusion, during summer and autumn, an appreciable proportion of the pelagic carbon flow in the northern Baltic Sea is directed through the microbial loop. The food web model approaches that for the oligotrophic Mediterranean ), although it is never so extreme. In their experiment, Hagstrom et al. (1988) estimated that 86 O/o of the algal production was respired by bacteria and protozoa. In our boreal waters, however, the seasonal variation is considerable. It ranges from the inactive generally icecovered winter stage via the spring bloom composed of large rapidly sinking algae and a moderate carbon flow through the microbial loop, to the subsequent warm season with a high contribution to the microbial loop.
